INTRODUCTION
The porous, inhomogeneous, and attenuative nature of concrete requires the use of low frequency ultrasonic nondestructive methods for the purpose of condition assessment due to the disturbed wave characteristics in the medium. Current ultrasound techniques are limited by a small aperture width, resulting in minimal resolution and static directivity. In order to overcome such deficiencies, a novel low-frequency ultrasonic phased array has been developed and its feasibility was tested for the assessment of concrete and other cementitious materials.
A phased array allows for dynamic steering and focusing capabilities, which cannot be realized with current ultrasonic methods. The enlarged near field zone resulting from the immense size of the array, which is a consequence of the use of low frequency, authors in a "dead zone" where steering is not effective. It was shown theoretically [1] that focusing is advantageous over steering in the near field and the characteristics of focused beams in the field approaches that of simple steering.
A systematic approach using an automated test assembly was used to experimentally demonstrate the performance of steering and focusing of the array in cementitious media. The experimental results agree very well with the numerical simulation presented in the companion paper [1] . It was shown that the phased array could be used as a primary imaging and scanning device for large-scale concrete structures.
EXPERIMENTAL SETUP
A novel approach for experimental study of steering and focusing behavior of the array in a cementitious medium was undertaken. This section discusses the system used for the experimental characterization including the array transducer, the system components that drive the array, and the automated control and acquisition assembly. System Development A device was designed and assembled for calibrating and characterizing the phased arrays used for assessing cementitious materials [2] . The directivity patterns for both steering and focusing were obtained using the assembly illustrated in Figure 1 . A disk-shaped concrete (or mortar) wheel, with an array positioned within the groove, rotates about its center, and the transmitted energy is received by a stationary receiver located at the base of the assembly. Detection of energy along the periphery is recorded as the wheel is rotated from the full -90° to 90°, maintaining a set delay for the measurements. As the receiver is not in contact with the wheel, partially immersing the material in water is required for continued transmission of the energy.
The concrete and mortar wheels fabricated measure 30.48 cm in radius and 6.35 cm in thickness. Selection of the disk's radius was based on the approximate near field formula given in the companion paper. This yields a ZT R of 11.5 cm for 8 elements, and a ZT R of 50.0 cm for 16 elements in concrete. As we were interested in measuring directivities in both the near and far fields to examine the benefit of focusing, a directivity length (R) of 30.48 cm seemed to be a good medium distance. The thickness of the disk provided enough clearance so that the first received signal was not interfered with any sidewall reflections. The bottom half of the disk was placed inside a Plexiglas water tank, with the water level set slightly above the rim. A custom-fabricated 150 kHz fixed-focused immersion transducer, situated directly beneath the center of the disk, was aimed at the rim to receive the transmitted energy.
Phase steering and focusing effect was produced by exciting each element at predetermined time delays. The delayed pulses used to excite the transducer were created using a 16-channel independently programmable multiplexing circuit. The initial TTL signal was furnished using a function generator (HP 33120A) and dispersed to delay banks which are composed of tapped digital delay lines and multiplexers. The delays for each Figure I . Concrete wheel in the water tank with a focused immersed transducer placed at the bottom for receiving the ultrasound, and the phased array transducer placed within the center of the wheel. channel were adjustable in 5 ns steps up to a maximum delay of 20 JLs. A 192-bit programmable digital I/O board (Cyber Research 010-192) was used to interface the controlling computer to the inputs of the multiplexers. Each delayed TIL signal subsequently triggered a high voltage negative spike pulse which was issued to a specific array element through an individually shielded cable.
As will be shown, directivity plots will be attained at a distance (R) of 30.48 cm for steering and focusing, the latter also requiring a focal length (F) of 30.48 cm. The maximum angle attainable, for an array with 16 elements, is limited to approximately 15°. To increase the angular capabilities, 8 elements were used, while maintaining the inter-element spacing when using 16 elements. This enabled steering and focusing capabilities up to approximately 40°.
A piezoelectric ceramic, lead zircon ate titanate (PZT), was utilized in the array fabrication. With a thickness of 0.75 mm, the resonant frequency of the ceramic was approximately 270 kHz. It should be noted that with the combination of backing, ceramic, and load, the frequency was reduced to 140 kHz and 170 kHz in concrete and in mortar, respectively. The elements of the array were elastically isolated by fully cutting through the ceramic, into the backing, which was a mixture of tungsten powder and epoxy resin. For most of the experimental results (i.e., directivities), no matching layer was needed for the type of data required, although a protective layer of Kapton tape was applied.
The array used in the tests has a required lateral dimension (L) of 1.6 cm to fit in the testing assembly. Although this dimension is too small for the wavefronts to behave as a line source in the lateral dimension, it will be shown that this did not deleteriously affect the results. There were 32 elements cut, resulting in an inter-element spacing 
Test Procedure
There are essentially three control paths in the overall connectivity of the various components and sub-assemblies used in this experiment which include (1) ultrasonic beam control, (2) motion control and (3) data acquisition. A central controlling PC enabled and monitored these routines through a 192-bit parallel I/O board, RS-232 serial port and GPIB, respectively.
The I/O board was interfaced to the delay circuit module and selected the inputs of an array of multiplexers as logically high or low. These bit patterns were used to create various time delays so that the ultrasonic beam was steered or focused. The phased array was positioned in the groove of the circular calibration fixture whose rotation was controlled by the step motor.
The transmitted sound field was detected by a focused transducer and the signal was amplified with an external receiver unit (Panametrics 5072PR) and displayed using a digital oscilloscope (Tektronix TDS-21O, 1 GHz sampling rate) which was synchronized with the rotation of the wheel at every step. Each time the wheel is rotated at a set increment of 0.5°, a wavefonn appearing within the gate is acquired from the oscilloscope, and stored. Once the assembly has rotated a full 180°, all the acquired wavefonns are processed to attain their respective maximum amplitude (positive or negative). These maxima are stored in a data file, and directivities are plotted.
RESULTS AND DISCUSSION
This section provides the results of the experimental and simulated parameter study and discuss the directivity curves obtained for various steering and focusing angles. Experimental results were initially obtained for mortar, for an array with 8 elements and 16 elements, and then for a concrete medium. The experimental directivities show excellent agreement quantitatively with the predicted steering and focusing characteristics. Figures 2 and 3 show the measured and predicted directivities. For all figures obtained, experimental directivity curves for steering were compared to their respective predictions. With a directivity obtained at a fixed distance R = 30.48 cm, the behavior of beam directivities within the near field and far field of the array was observed by changing the overall lateral dimension D of the sensor, noting that the same d was utilized throughout.
For N = 8, experimental results in mortar for steering were attained for 0°, 15°, and 25° . With concrete, an angle of 40° was also obtained. For N = 16 an N = 8, experimental results in concrete for steering and focusing were acquired for 0° .
The major observation drawn from Figs. 2 and 3 is that phase steering and focusing is not only possible in a cementitious medium, but it does so with excellent agreement to predicted theory. As mentioned earlier, directivity is the key parameter used to measure the accuracy and steerability of a phased array transducer.
Good accuracy implies a close match of the main lobe width of the experimental results to the simulation directivity. A notation for the main lobe sharpness factor q-6dB will be utilized to evaluate the accuracy of all the experimental results. q-6dB is an angular measure of the main lobe width at -6 dB (50%) nonnalized by 1T (180°). Steerability is a criterion used to evaluate the correlation of the measured Os to the expected Os. Values for q-6dB . 180° and Os were collected from all experimental and simulated directivities obtained (not just those shown in Figures 2 to 3) , and summarized in Table 1 . These values are given for steering, followed by focusing, for each representative parameter. Several observations can be inferred from the infonnation summarized, and from the experimental directivity curves.
Comparing the expected Os to those collected from the experimental results, the array is proven to exhibit great steerability, with an average variation of only 0.75°. Without proper steerability, angular errors will exist when imaging the received wavefonns. This array has great steerability, as good as any commercially available high frequency arrays used in current medical and NDE applications. Also observed, is the negligible steerability differences between steering and focusing. With the case of steering in the near field, the resulting poor accuracy negated the possibility of attaining steerability values. These were marked as "Not Applicable."
The reason for attaining q-6dB values was to observe the accuracy of the experimental directivities as compared to the simulation. Excluding steering in the near Angle, (J, (deg.) Angle, (J, (deg.) 
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CIl O.B field, which exhibits inherently poor resolution, the average deviation from the simulation in q-6dB· 180° was only 1.4°. The directivities obtained showed excellent accuracy.
Focusing ultrasound is a key function of phased arrays, especially within cementitious materials. There is a significant increase in the near field length when the number of elements is increased from 8 (ZTR=I1.5 cm) to 16 (ZTR=50 cm). Using 8 elements, Figure 2 (a) demonstrates the negligible improvement focusing will have over steering within the far field.
When the number of elements is increased from 8 to 16, R appears within the near field of the sensor. The directivity acquired when steering the ultrasound, shown in Fig. 3(b) , demonstrates a poorly shaped main lobe. When the ultrasound is focused at the rim of the wheel, as shown in Fig. 3(c) , dramatic improvements for the directivity is observed. The focused directivity shows excellent steerability, and excellent accuracy as compared to the simulated result.
SUMMARY AND CONCLUSIONS
The conclusion drawn from the experimental results is that phase steering and focusing ultrasound is possible in a cementitious medium. Theses results showed excellent steerability and accuracy, and provide excellent agreement with the numerical simulation.
It was shown that the array exhibits great steerability, with an average variation of only 0.75° throughout the experiments. It was also shown that the directivities obtained show excellent accuracy, with an average deviation from the simulation in q-6dB . 180° of only 1.4°.
Also observed is the fact that increasing either d or N improves the characteristics of beam directivities for both steering and focusing. However, grating lobes were observed if the inter-element spacing reaches above approximately half the wavelength. This paper experimentally proves the arguments made in the companion paper: A benefit of focusing over steering within the near field of the array and the negligible effect of focusing in the far field. In summary, by focusing in the near field and steering in the far field, a new composite full field imaging scheme can be introduced, which transfonns the "dead" zone of the transducer into a "detectable" zone, enlarging the useful area of inspection.
